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Abstract 
A growing interest has been observed for producing sustainable heat and power by combustion of residues from local 
agricultural production. However, ash related problems are inclined to occur due to high contents of problematic ash 
forming matter in such residues. The aims of this work were to examine ash characteristics of barley straw and husk 
and to find mixtures of fuels and additives that can be used as basis for producing pellets giving minimal problems 
during combustion. Influence of kaolin and calcite additives on the two fuel ashes' sintering behaviors were 
investigated by X-ray fluorescence (XRF), ash fusion analyzer and X-ray diffraction (XRD) analysis. The results 
showed that, compared to barley straw ash, the barley husk ash has a higher sintering tendency, with observation of 
severe melting during combustion. Kaolin and calcite addition increased the melting temperatures of ashes from both 
barley straw and husk. Reactions between kaolin and potassium containing species in the barley straw and husk ashes 
were revealed by XRD analyses. With formation of high temperature melting species due to kaolin addition, the 
severe sintering of barley straw and husk ashes were significantly reduced. The dilution effect from calcite is 
supposed to be a main reason for improved barley straw and husk ash sintering behaviors. In addition, calcite addition 
led to formation of more calcium rich phases, which have higher melting points and contribute to low ash sintering 
degrees. Therefore, by using the additives, agricultural residues can be competitive for energy production in the 
future. 
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1. Introduction 
Due to the shortage of fossil fuels and the threat of global warming, development of renewable energy 
is urgent for energy security in the world.[1] Biomass is being utilized for sustainable heat and electricity 
production, with benefits of reducing greenhouse gas emissions, securing energy supply and developing 
rural economies. Nowadays more new biomass materials are being introduced into the market. One 
example of such raw materials is agricultural residues including straw, husk and stalks from different 
cultivated plants.[1-4] However, agricultural residues are rather challenging for combustion applications, 
due to high contents of ash forming matter and several problematic elements in the fuel. Release, 
transformation and interaction of these ash forming elements readily cause ash related operational 
problems in biomass combustion facilities and plants.[2-5] These problems reduce the efficiency of 
combustion systems, the stability of the combustion process and the availability of existing boilers to the 
biomass fuels derived from the agricultural sector.[4, 5] 
Ash sintering often occurs during combustion of agricultural residues, which may initiate and enhance 
other operational problems.[2] Biomass ash sintering is normally related to attaching and adhesion of char 
and ash particles due to presence of molten phases. As a dominating alkali metal in biomass fuels, 
potassium is a key element leading to formation of low temperature melting species and sintering of solid 
ash residues consequently.[2-5] Briefly, during biomass combustion, potassium is involved in three 
reaction paths with different chemicals or eutectics as products, including: (1) formation of potassium 
salts (e.g. KCl and K2SO4).[2, 3, 6] Some of these salts are not thermally stable and are likely to fuse 
and/or break down at relatively high temperatures.[3, 7-9] (2) reaction with silicon and silicates in the fuel 
to form potassium silicates.[3, 8] Potassium silicates with certain K2O/SiO2 ratios may melt at normal 
biomass combustion temperatures (700-1000 °C) and will be present as liquid phase.[7, 10] (3) During 
combustion of phosphorus rich crops and grains, potassium preferably reacts with phosphorus, and some 
products are troublesome due to low melting points, i.e. KPO3 (about 800 °C).[4, 5, 11, 12] Due to 
presence of melted potassium containing species, the ash and char particles are covered by a sticky layer, 
which are readily attached to each other and sintered into clusters and aggregates. With a longer 
combustion time, the sintering degrees of the formed aggregates increase, forming more ash melt and 
dissolving single ash/char particles. In the end, the sintered ashes melt completely into slag or large 
blocks that disturb the combustion process and damage components in the combustion system. This will 
cause extra costs for boiler cleaning and maintenance.[4, 5] 
Different approaches have been studied and tested to prevent or mitigate ash sintering in biomass 
combustion applications. These methods include: (1) utilizing additives; (2) fuel mixing; (3) reducing the 
problematic compounds by leaching the fuel.[3, 5, 10, 13-20] Utilizing additives is a more promising and 
practical way to minimize ash sintering in agricultural residues combustion processes. Kaolin has been 
shown as an efficient additive to convert problematic potassium containing species into potassium 
aluminum silicates.[3, 10] The main component in kaolin is Al2Si2O5(OH)4 that transforms to meta-
kaolinite at temperature above 450 °C.[3] The meta-kaolinite can react with KCl and K2SO4 with 
formation of the crystalline products KAlSiO4 and KAlSi2O6.[3, 10, 17] The chemical reactions between 
kaolin and potassium chloride and sulfates are [3, 10, 17]: 
 
Al2Si2O5(OH)4+2KCl 2KAlSiO4+H2O+2HCl                                                                                (1) 
Al2Si2O5(OH)4+2KCl+2 SiO2 2KAlSi2O6+H2O+2HCl                                                                 (2) 
Al2Si2O5(OH)4+2K2SO4+2 SiO2 2KAlSiO4+H2O+SO3                                                                 (3) 
Al2Si2O5(OH)4+2K2SO4+2 SiO2 2KAlSi2O6+2H2O+ SO3                                                             (4) 
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Compared to KCl and K2SO4, the KAlSiO4 and KAlSi2O6 have much higher melting temperatures at 
about 1600  and 1500 °C, respectively.[10] Presence of these two mineral phases in biomass ashes may 
considerably enhance the melting temperature of the biomass ashes and restrain ash melt formation at 
combustion temperatures. The other additive, calcite, has showed abilities to reduce biomass ash sintering 
and slagging in previous studies.[12, 14, 17] However, effects of kaolin and calcite on barley husk ash 
sintering behaviors are seldom reported in availably literatures. 
In order to improve their properties as combustion fuels, agricultural residues are usually pelletized to 
obtain high energy and bulk densities.[3, 4] Blending of additives into agricultural residues before 
pelletization is a possible way to introduce the additives into combustion systems.[3] In addition, better 
contact between milled fuel and additives particles can be achieved during the blending and pelletization 
process. It may enhance the effects of the additives on agricultural residues' ash chemistry during the 
combustion process.[3, 14] Since industry scale tests and raw materials (fuels and additives) are related to 
significant costs, the effects of additives on fuel ash sintering behaviors can also be evaluated 
experimentally.[3, 17] The laboratory scale tests may not entirely represent the situation in a combustor, 
however, repeatable laboratory tests can give useful information in a rather simple, quick and inexpensive 
way. Therefore laboratory scale sintering tests have been carried out in several studies, and the study 
results have provided useful implications for further pellet production and additive application.[10, 11, 
17] 
The aims of this work are (1) to study sintering behaviors of ashes derived from barley straw and husk; 
(2) to test the kaolin and calcite as additives with the purpose to reduce ash sintering during combustion 
processes; (3) to propose a rather fast and simple additives testing method for evaluation of the additives' 
suitability for use in industrial applications.  
2. Experiment section 
The two agricultural residues used in this work are barley straw and husk, which are provided by 
Eidsiva Bioenergi AS. The two residues are abundant in Norway, and are planned to be used for heat 
production by combustion of pellets produced from them. However, according to preliminary combustion 
tests, severe ash sintering and slagging occurred as these two kinds of pellets were fired in a under fed 
pellet burner (CN MASKINFABRIK AS, 40kW). Therefore, raw barley husk and straw were selected and 
tested as reference fuels. Kaolin and calcite in powder form were selected and tested to investigate their 
ability to raise the fuels' ash sintering temperatures. The barley straw and husk were milled into particles 
with a particle size of less than 1 mm and dried at 105 °C for 24 hours to remove the moisture content. 
Ashes from the two dry fuels were produced by burning them at 550 °C for 6 hours according to ASTM 
standard E 871. The main elemental compositions in the two ashes were measured using X-ray 
fluorescence (XRF), which are presented in oxide form and are listed in Table 1. The chemical 
compositions of kaolin and calcite were also detected and are also presented in Table 1. To investigate the 
influence of additives on the fuels' ash sintering behaviors, laboratory ash sintering tests were performed 
on mixtures of the fuels and additives. First, the additives were mixed with each biomass fuel at an 
additive to biomass ratio of 4 % (w/w dry mass basis). The amounts of additives were selected based on 
equivalent calculation and literature surveys.[3, 10] The mixtures of additives and fuels were heated at 
550 °C for 6 hours to reduce the unburned carbon contents. Then the biomass ash and additive mixtures 
obtained from the 550 °C heat treatment were sintered at elevated final temperatures of 700, 800, 900 and 
1000 °C for 2 hours in open crucibles. The sample heating procedure was also performed for the reference 
barley straw and husk samples. The highest heating temperature, 1000 °C, was selected for two reasons: 
(1) during the preliminary combustion tests, the measured maximum temperatures were 1000±100 °C in 
the center of the pellet burner; (2) several laboratory ash sintering tests were carried out previously using 
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1000 °C as final heating temperature. After heated at different temperatures, the reference ash samples 
and ash-additive mixtures were cooled down to ambient temperature. The slag formation and sintering 
degree of the ash residues left in the crucibles were evaluated by visual observation and graded with the 
following scale: (1) loose ash residues; (2) slightly sintered ash residues with a brittle structure; (3) 
sintered ash residues with partial melting; (4) very hard sintered ash with slag formation; (5) completely 
melted ash residue.[3, 11, 17] The melting temperatures of the biomass ash and additive mixtures (550 
°C) were determined by following the procedure described in the ISO 1995:54 standard. Each sample was 
shaped into 3 x 3 mm cubic specimens and heated in an ash fusion analyzer. The outer shape changes of 
each specimen were recorded as the temperature increased from 400 to 1500 °C. The heating rate was 6 
°C/min and oxidizing atmosphere was applied. According to changes of the specimen shape along with 
increasing temperature, four characteristic ash fusion temperatures were determined: initial deformation 
temperature (IDT), soften temperature (ST), hemisphere temperature (HT) and flow temperature (FT). To 
get reproducible results, three tests were carried out for each sample. Average values of each fusion 
characteristic temperature are shown in Figure 1.  
The biomass ash produced at 550 °C, raw additives, and corresponding mixtures of biomass fuels and 
additives heated at elevated temperatures were analyzed by an X-ray powder diffractometer (Bruker D8). 
The X-ray was operated with voltage 40 kW and current 100 mA. The major crystalline phases were 
identified using the TOPAS evaluation program plus ICDD-PDF2 database. The limitation of the XRD 
analysis should be noted: the materials in amorphous phase cannot be identified directly, which is usually 
related to a broad halo in the XRD pattern. In addition, if a crystalline phase has an amount of less than 2 
wt%, it will probably not give a strong enough signal and will be missed during the XRD data processing.  
3. Results and discussion  
3.1. Fuel and additive 
The chemical compositions of the fuels and additives are summarized in Table 1. Barley husk ash 
contains highs content of SiO2, K2O, P2O5 and Cl, with a small portion of CaO. A high concentration of 
SiO2 alone will not cause ash sintering during combustion of biomass fuels. However, with presence of a 
large amount of K2O, potassium silicates are readily formed during the char burnout stage. The binary 
K2O-SiO2 mixtures may start to melt in a temperature range of 600-700 °C. The low melting temperature 
potassium silicates may be present as a molten phase and result in ash sintering during biomass 
combustion processes.[7, 21] For biomass rich in potassium and silicon (e.g. wheat straw), formation of 
sticky potassium silicates was stated as a main reason for severe slagging in pellet burners.[4, 5] 
Compared to barley straw, a higher Cl content was detected in the barley husk ash. At elevated 
temperatures, Cl is a main facilitator to transfer the K from the fuel with formation of KCl in vapor phase. 
The vaporized KCl will be carried by the flue gas and lead to deposits formation on the heat transfer tube 
surfaces.[6, 8] The barley husk ash contains a significant amount of P2O5, which is three times higher 
than that of barley straw. Phosphorus is a special nutrient required for maturity of grains and seeds during 
the growing process.[8] This may explain the high concentration of phosphorus in the husk, that is 
covering the grains and seeds. Since calcium is a main nutrient involved in growth and strengthening of 
the crop stem, a high content of calcium oxide was detected in the barley straw ash. The main crystalline 
phases in barley husk and straw ashes (550 °C) are listed in Table 2. KCl and K2SO4 are the two main 
phases detected for both barley husk and straw and represent potassium salts formed during the two fuels 
combustion processes. SiO2 in quartz form is the other major mineral compound identified in the two 
ashes, which has been often observed in ashes produced from agricultural residues.[3, 4, 10] In addition, 
several phosphates were observed in the barley straw and husk ash (550 °C). The phosphate K2CaP2O7 
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was observed in the barley husk ash, with a high K/Ca ratio (K/Ca=2). In previous studies, low sintering 
temperatures were identified for agricultural residues ashes that contain potassium salts and potassium 
phosphates with high K/Ca ratio.[3] Therefore, a low melting temperature can be expected from the 
barley husk ash studied in the current work, considering the chemical constituents identified in it. 
Chemical compositions and mineral compounds in the raw additives are listed in Table 1 and Table 2, 
respectively. As shown in Table 1, main chemical compositions in kaolin are SiO2 and Al2O3, with 
detection of trace amounts of K2O, Na2O, MgO and Fe2O3. The aluminum silicates kaolinite and quartz 
are two mineral phases detected from the kaolin. CaCO3 is the only mineral phase identified from the 
calcite additive, which may decompose into CaO and CO2 at elevated temperatures.[17] 
 
Table 1. Chemical composition of barley straw and husk ashes (550 °C) and raw additives 
Fuel and additive Ash content (wt %, dba) Chemical composition of the ash (wt %) 
    SiO2  K2O Al2O3  CaO  Na2O MgO Fe2O3  P2O5  SO3 Cl 
Barley husk  4.9 31.77 27.77 1.55 7.61 0.01 0.05 2.01 23.21 1.76 2.26 
Barley straw 3.1 27.50 33.64 0.18 19.43 0.38 2.91 1.73 8.07 4.90 1.28 
Kaolin  b 46.1 0.2 34.08 0.07 0.04 0.16 0.87 c 0.06 c 
Calcite  b 0.2 0.02 0.8 95.12 0.22 2.99 0.52 c 0.05 c 
a. db: dry basis; b: not detected; c: undetectable 
 
Table 2. Crystalline compounds identified from barley straw and husk ashes (550 °C) and raw additives 
barley husk  barley straw kaolin  calcite  
SiO2 SiO2 Al2Si2O5(OH)4 CaCO3 
KCl KCl SiO2  
K2SO4 K2SO4   
K2CaP2O7 KCa(PO3)3   
KCa(PO3)3 K4Ca3SiO4   
K4Ca3SiO4 CaCO3   
CaCO3 KSi4O9     
3.2. Effects of additives on biomass ash sintering and melting behaviors 
The results of ash fusion temperatures and sintering tests are shown in Figures 1 and 2. The ash initial 
deformation temperature is more critical than the other temperatures, since the ash becomes sticky due to 
partial melting and may initiate sintering at this temperature.[13] 
 
Fig. 1. Effect of additives on barley straw and husk ashes melting temperatures 
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The initial deformation temperature for the barley husk ash is 856 °C. In addition, the barley husk ash 
melted within a short time interval. As the temperature increased above 900 °C, with observation 
bubbling and shrinking of the ash specimen were clearly observed. It indicates that the barely husk ash 
fused into liquid phase at high temperatures. The sintering behaviors of the barley husk ash agreed with 
the ash fusion temperature determination results. Already at 800 °C, the barley husk ash sintered and 
covered by shiny glassy materials, which corresponds to sintering degree 3. The barley husk ash melted 
completely after heated at 1000 °C and partially formed as slag that shrunk into droplets on the bottom of 
the crucibles. Different from the barley husk ash, the barley straw ash has a higher initial melting 
temperature of approximately 950 °C. In addition, melting of barley straw ash covered a wider 
temperature range, from 950 °C to 1250 °C, without seeing evident swelling of the tested ash specimens. 
The dissimilar melting properties are probably due to the different elemental compositions of two ashes, 
which influence the chemistry involved in the ash melting processes.[13, 22] As shown in Figures 1 and 2, 
kaolin and calcite addition had significant effects on the fusion temperatures of barley straw and husk 
ashes. The kaolin addition led to an increase of the barley husk ash initial melting temperature from 856 
°C to 1100 °C. A similar enhancing effect on the barley husk ash initial melting temperature was observed 
upon the calcite addition. The sintering degree evaluation results were consistent with the ash fusion tests. 
The severe barley husk ash sintering was mitigated with both kaolin and calcite addition. The barley husk 
ash-additive mixtures retained partial brittle structures even after heated at 900 °C, and only a small 
amount of ash melts was observed. For the barley straw ash, the additives also showed positive effects on 
the melting and sintering behaviors of the ash. Upon kaolin addition, the initial melting temperature of the 
barley straw ash was increased from 960 °C to 1150 °C. Addition of calcite enhanced the melting 
temperatures of the barley straw ash, but it was less effective compared to kaolin. In comparison to barley 
husk ash, rather similar sintering degree evaluation results were obtained from mixtures of barley straw 
ash and additives. The effects of additives on the two reference ashes behaviors observed in the present 
work agree well with experimental results from previous studies. The kaolin and calcium based additives, 
such as calcite, lime and limestone, were found efficient in decreasing the sintering degree of ashes from 
different agricultural residues.[4, 5, 16] 
 
    
Fig. 2. Effect of additives on barley straw and husk ashes sintering behaviours at elevated temperatures 
3.3. Study of anti-sintering mechanisms 
Possible mechanisms related to anti-sintering effects of additives on barley straw and husk ashes were 
investigated by XRD analyses. The XRD analytical method has been proved an efficient way to reveal the 
ash chemistry involved in biomass combustion processes.[3] As listed in Tables 3 and 4, only silica, 
potassium phosphates and silicates were main crystalline phases identified in barley husk and straw ashes 
after 800 °C heating treatment. Evident elimination of the potassium salts (KCl and K2SO4) and CaCO3 
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can be observed for 800 °C ashes, compared to ashes produced at 550 °C from barley straw and husk. 
This finding agrees with previous studies. For ashes from annual biomass,  release of KCl started from 
700 °C and was far progressed as the temperature approached 800 °C.[7, 8] At the same time, the KCl 
may break down, and generated K is readily accommodated into ash residues rich in silicate melts.[7] 
This will promote formation of low temperature melting K2O-SiO2 mixtures and ash melts as well.[7] In 
addition to quartz, a small amount of silica in cristobalite was observed in the 800 °C barley straw and 
husk ashes, which represents transformation of low temperature melting silica to high temperature phases. 
Agricultural residues usually contain high contents of silicon that occurs in plants mainly as, polymerised 
silicic, acid amorphous silicahydrate (SiO2·nH2O) and discrete SiO2 particles due to soil and dust 
contamination.[8, 23] Due to high availability of potassium in agricultural residues, the silicon in the fuel 
is readily involved in forming of high viscous molten K-silicates.[8, 24] The molten silicates are present 
in solid ash residues and/or aggregate into drops that initiate ash sintering and slagging.[5] For the barley 
husk ash, a considerable amount of amorphous materials formed as the temperature reached 800 °C, 
which is plausibly related to partial melting of the barley husk ash at this temperature. After sintered at 
1000 °C, the barley husk ash was mainly non-crystalline. A broad halo can be observed from the XRD 
pattern, which is associated with presence of a large amount of amorphous materials. Addition of kaolin 
significantly reduced the sintering of the barley husk ash at elevated temperatures. New potassium 
aluminium silicates, KAlSi2O6, KAlSi3O8 and KAl3Si3O11, were identified from the mixtures of barley 
husk ash and kaolin heated at 800 °C. Observation of these mineral phases indicates reaction between 
kaolin and potassium containing species in the barley husk ash. The three new formed potassium 
aluminum silicates have high melting temperatures, above 1000 °C. Formation of these phases thus 
contributed to increased melting temperatures of barley husk ash upon kaolin addition. According to the 
XRD results, the amount of amorphous materials in barley husk ash-kaolin mixtures is evidently lower 
than that in barley husk ash. With kaolin addition, the potassium in the barley husk were captured and 
converted into stable phases. It reduced the amount of potassium available for reacting with silica to form 
low temperature melting potassium silicates. This can partially explain the reduction of amorphous 
materials and slag formation in the barley husk ash with kaolin addition. Upon calcite addition, CaO was 
observed as a main crystalline phase in barley husk ash. This part of the CaO mainly originates from 
surplus of calcite that did not react with barley husk ash and decomposed into CaO and CO2. The surplus 
CaO may give a dilution effect on biomass ash as reported in previous studies.[3, 17] More calcium 
silicates were identified from the mixture of barley husk and calcite sintered at 800 and 1000 °C. It 
indicates that calcium originally from the calcite has reacted with silicon in the barley husk ash. The 
reactions will reduce the amount of Si available to react with K to form low temperature melting 
potassium silicates.[3, 16] This may help to reduce the fraction of melted ash. In addition, the calcium 
oxides from decomposed calcite can dissolve into the potassium silicate melts, which will drive the K out 
of the silicates melts into the gas phase.[4, 7] This will reduce the amount of potassium incorporated into 
silicate structures and ash melts as well. From the ash residues obtained in the 1000 °C sintering test, a 
new phosphate, KCaPO4, with a low K/Ca ratio was identified. Interpretation of the K2O-P2O5-CaO phase 
diagram implies that some phosphates, that contain binary K2O-P2O5 system with high potassium content 
(40-60 %), have low melting temperatures.[4, 5, 12] However, enhancement of a small amount of Ca can 
shift melting temperatures of the potassium phosphates above 1000 °C.[5, 12] Observation of KCaPO4 in 
the barley husk-calcite mixture is probably related to formation of high temperature stable potassium 
calcite phosphorus.[3, 5] Altogether, calcite addition reduced the sintering of barley husk ash by giving a 
diluting effect and providing Ca to alter the ash chemistry. 
The sintering degrees of barley straw ash were greatly depressed as a result of kaolin and calcite 
addition. After the barley straw ash-kaolin mixture was heated at 800 °C, SiO2 in quartz and cristobalite 
forms were observed. Two potassium aluminium silicates, KAlSi2O6 and KAlSi3O8, were also identified, 
which imply reactions between kaolin and potassium containing species in barley straw ash. Mineral 
phases identified from the residues sintered at 1000 °C are mainly high temperature melting phases: SiO2, 
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KAlSi2O6 and CaSiO3, which have melting points of 1713 °C, 1693 °C and 1510 °C, respectively.[10, 17, 
21] Formation of these high temperature melting compounds could be a main cause for the low sintering 
degrees of the barley straw ash with kaolin addition. 
 
Table 3. Crystalline compounds identified from sintered barley husk ash and ash-additives mixtures 
Temperature (° C) barley husk ash  + kaolin  + calcite 
800 °C       
 Large amount of amorphous materials SiO2 (quartz) Small amount of SiO2 (quartz) 
 SiO2 (quartz) SiO2 (cristobalite) CaSi2O7 
 Small amount of SiO2 (cristobalite) KAlSi2O6 KCaPO4 
 Trace amount of K2MgSiO4 KAl3Si3O11 Trace amount of K2MgSiO4 
 Trace amount of K2CaP2O7 KAlSi3O8 Large amount of CaO 
  Ca3Mg(SiO4)2  
  Trace amount of amorphous  
1000 °C       
 Mainly amorphous materials SiO2 (cristobalite) Ca2SiO4 
  KAlSi2O6 K4CaSi3O4 
  CaSiO3 KCaPO4 
  KAl2SiAlO10(OH)2 Trace amount of MgO 
  Small amount of amorphous Large amount of CaO 
 
Table 4. Crystalline compounds identified from sintered barley straw ash and ash-additives mixtures 
Temperature (° C) barley straw ash  + kaolin  + calcite 
800 °C       
 SiO2 (quartz) SiO2 (quartz) SiO2 (quartz) 
 SiO2 (cristobalite) SiO2 (cristobalite) CaSiO3 
 K2CaP2O7 KAl3Si3O11 Trace amount of CaK2P2O7 
 K4CaSi3O9 KAlSi3O8 Trace amount of K2MgSiO4 
  Ca3Mg(SiO4)2 Large amount of CaO 
1000 °C       
 Amorphous materials SiO2 (cristobalite) Ca2Si3O7 
 Trace amount of SiO2 (quartz) KAlSi2O6 K4CaSi3O4 
 Trace amount of CaSiO3 CaSiO3 Trace amount of MgO 
  Trace amount of amorphous Major amount of CaO 
     Trace amount of Ca2MgSi3O7 
The sintering of barley straw ash was significantly depressed with addition of calcite powder. CaO was 
again observed as the major crystalline phase from the sintered mixture of calcite and barley straw ash. It 
indicates presence of surplus CaO that did not react with the barley straw ash. The unreacted CaO will 
dilute the barley straw ash without further sintering, which was confirmed by observation of a rather loose 
structure of ash residues even after sintered at 1000 °C. The calcite may provide basic calcium oxide for 
reaction with silica and incorporates into the low melting temperature potassium silicate.[16] This was 
confirmed by identification of more calcium silicates in the sintered barley straw ash-calcite mixture. 
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Compared to the potassium silicates, the calcium silicates normally have much higher melting 
temperatures. In addition, Ca may also promote formation of calcium rich phosphates that contribute less 
to the ash melts amounts at high temperatures. The findings obtained from the current study agree with 
results from previous studies, showing that calcite addition can reduce the formation of ash melts and slag 
during biomass pellets combustion even with a small addition amount.[4, 5, 14, 16] 
4. Conclusion 
Barley husk and barley straw ashes have high sintering tendencies and low melting temperatures, 
which may cause severe ash related operational problems during combustion of the two fuels. XRD 
analyses results indicate that silicate-alkali chemistry may play a critical role in initiating and enhancing 
the barley straw and husk ashes sintering at elevated temperatures. Formation of low temperature melting 
potassium rich phosphates may also be a possible cause of the low sintering temperatures of the barley 
husk ash. Addition of kaolin and calcite significantly increased the sintering temperatures of barley straw 
and husk ashes. In terms of kaolin addition, new high melting temperature potassium aluminum silicates 
were identified from the sintered mixture of ash-additive, which may explain the improvement of the 
barley straw and husk ashes sintering at high temperatures. On the other hand, the dilution effect was 
supposed to be the main reason related to prevention of the two ashes sintering at elevated temperatures. 
In addition, the calcium provided by calcite may also participate in barley straw and husk ash formation 
and transformation processes, which may alter the ash chemistry, with formation of more high 
temperature melting calcium silicates. 
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